Lately, different wearable form factors have reached the consumer domain. Wearables enable at-a-glance access to information and can continually sense the surrounding environment. Internet of Things (IoT) researchers have focused on the main enabling factors: the integration of several technologies and communication solutions. Less effort has been devoted to exploring how notso-tech-savvy end users can discover and directly interact with the numerous connected things predicted by the IoT vision. This paper presents a novel IoT interaction concept called UbiCompass. A functional, smartwatch face prototype of the UbiCompass was developed and integrated with an existing smart home system, in which five different connected devices could be controlled using simple interaction. It was then compared to a traditional smartphone mobile application in a controlled experiment. The results show statistically significant differences in favor of the proposed concept. This highlights the potential the UbiCompass has as an IoT interaction concept.
Introduction
Over the past few years, there has been a proliferation of wearable devices such as smartwatches, smart glasses, and other forms of wearable computing in the consumer domain. Characteristics of wearable devices are that they are intended to always be "on," that they enable access to information at a glance, and that they continually sense the surrounding environment in order to offer a better interface to the real world [1] . While most wearables are connected to the cloud via smartphones, they can still be considered a subset of the Internet of Things (IoT), a global infrastructure for the information society that enables advanced services by interconnecting physical and virtual things [2] . IoT comes with several challenges that involve dealing with device-tohuman interactions and device-to-device interactions.
IoT interaction can be roughly divided into two types: explicit and implicit [3] . Pure, explicit interaction is contextfree, which means that users must repeat the required action every time (e.g., pressing a switch to turn a light on or off). Built on implicit interaction, the same example can be achieved with a sensor that monitors when people enter a room and automatically switches on the light for authorized people. Mark Weiser originally proposed the shift from explicit to implicit interaction in the early 90s. One notion is "smart" rooms, instrumented with different embedded sensors, such as the iRoom [4] , smart classrooms [5] , and environment-aware handheld projectors [6] .
In contrast to Weiser, Rogers argues that "We need to design new technologies to encourage people to be proactive in their lives, performing ever greater feats, extending their ability to learn, make decisions, reason, create, solve complex problems and generate innovate ideas" [7] .
In general, IoT researchers focus on two main enabling factors: the integration of several technologies and communication solutions [8] . Less effort has been devoted to exploring how a not-so-tech-savvy end user can discover and directly interact with the numerous connected things predicted by the IoT vision. One notion is to use the benefits of wearables to facilitate IoT interaction. Four basic tasks that a user of an IoT system needs to be able to perform are (1) discovering devices, (2) selecting a particular device, (3) viewing the device's status, and (4) controlling the device [9] .
Advances in Human-Computer Interaction
The fast development in virtual personal assistant (VPA) technology (e.g., Apple's Siri and Microsoft's Cortana) has introduced new ways for users to interact with their connected devices and services. However, as pointed out by Norman [10] , natural user interfaces built on, for example, gestures and speech, lack the ability to make all possible actions visible to the user. This might be less of a problem in a familiar home environment, where the user knows what devices are available and which services are available and where they are located. However, in an unknown environment, such as a new working place, it could be difficult for a user to discover nearby devices and their capabilities.
The purpose of this paper is twofold: to introduce a novel IoT interaction concept called UbiCompass and to compare a functional, smartwatch prototype of it with a commercial mobile application when using an IoT solution.
This paper contributes a novel IoT interaction concept that addresses how a not-so-tech-savvy end user can discover, select, and directly interact with numerous connected things.
The next section presents relevant related work. Then the UbiCompass concept is described followed by evaluation, results, discussion, and conclusions.
Related Work
A variety of studies have explored different IoT aspects including technology challenges, enablers, applications, and interaction concepts. Naturally, one important aspect is technology enablers [8] . Many research groups in the IoT community are currently targeting enablers for context-aware computing and computational intelligence that is part of both the physical and the digital worlds [11] [12] [13] . Several technical enablers have been developed with an application that runs on a mobile device. Examples are the Fibaro Home Center 2 [14] , Samsung SmartThings [15] , Apple HomeKit [16] , and Google Weave [17] . Having yet another application to control things is perhaps not the best solution, particularly when it comes to short interactions, such as turning a device on/off. This requires the user to pick up the phone, unlock it, find the application, start it, find the device, and then finally be able to control it. Nevertheless, such applications are practical for doing more advanced configurations.
Ledo et al. [9] discuss four dominant concepts for interacting with connected devices: touching, pointing, scanning, and world in miniature.
(i) Touching, using RFID to pair two devices (ii) Pointing, using techniques such as infrared, computer vision, and inertial sensors to select devices (iii) Scanning, using a hub to get a list of all devices. This is the typical form of interaction seen nowadays (iv) World in miniature, used to represent devices through their spatial topography.
The UbiCompass is built on the notion of combining the last three: pointing, scanning, and world in miniature.
2.1.
Pointing. Pointing a mobile device at an intended object is appropriate when the two are at a distance from each other. Many technologies enable this technique by including infrared and computer vision (CV). The UbiControl [18] system is an example of an infrared pointing system that uses laser pointers to select devices and control them with PDAs. All controllable devices need to be equipped with sensor nodes that carry photodiodes that recognize the pulse sequences emitted by the laser pointer. Budde et al. [19] developed a CV system that uses Microsoft Kinect to enable point and click interaction to control devices in smart environments. A server determines through collision detection which device the user is pointing at and sends the respective control interface to the user's mobile device. New devices can be registered manually or by using markers such as QR codes to identify them and obtain their position simultaneously. The MISO [20] system has a similar approach using Kinect for pointing recognition. The difference is that MISO uses six gestures to control the system and does not have a separate display. Most of these techniques/concepts rely heavily on nonstandard hardware making them difficult to deploy outside of the lab. There are a number of different CV-based pointing systems developed by researches. Snap-To-It [21] was recently introduced and allows users to interact with any device by simply taking a picture of it. Snap-To-It shares the image of the device with over a local area network; the image is then analyzed along with the user's location, and the corresponding control interface is delivered to the user's mobile device. However, the Snap-To-It system does not offer good discoverability (i.e., ability of an IoT system to enable a user to find information, applications, and services). The user needs to guess or try to take a photo and then wait for a UI, a process that potentially can irritate the user.
Another CV-based idea is Tag-It! [22] . It uses two wearable technologies, a head-worn wearable computer (Google Glass), and a chest-worn depth sensor (Tango). Google Glass generates and displays virtual information to the user while Tango provides robust indoor position tracking for Google Glass. Tag-It! is a promising project and will be even better once the technologies have been merged into a smaller device. Mayer and Soros [23] combine wearables to interact with devices in the user's environment. Smart glasses select a device and the user interface for said device is rendered on the user's smartwatch. This setup, though, has problems similar to those of Snap-To-It: it does not provide a quick overview of the devices the user can interact with and where they are located. Ledo et al. [9] , scanning is based on having a dedicated application that retrieves a list of all devices from a hub, such as Fibaro Home Center 2 [14] . Most of the existing IoT applications work in this manner. However, retrieving a list with all available devices can overwhelm the user with devices and does not represent the spatial topography.
Scanning. According to

World in Miniature.
The world in miniature (WIM) concept can be used to represent the spatial topography of devices on a display. This can be achieved in several ways, such as through live video feeds in which the state of the displayed devices can be modified through a mobile device [24, 25] .
Ledo et al. [9] represent devices in a WIM solution with a proxemics-aware solution that exploits the spatial relationships between a person's handheld device and all surrounding devices to create a dynamic device control interface. A user can discover and select a device by the way he or she orients a mobile device around the room and then progressively view the device's status and control its features in increasing detail by just showing the device's presence, its state, at a detailed level of status together with the control mechanism, by simply moving towards it.
None of the mentioned research projects utilizes the benefits of wearables to offer a not-so-tech-savvy end user easy discovery and simple interaction with numerous connected things. The UbiCompass concept is an attempt to explore how these requirements can be fulfilled.
The UbiCompass Concept
The ideas behind the UbiCompass concept were developed in an iterative design process. Focus group meetings took place every two weeks; in total there were six focus group sessions. The focus group consisted of representatives from EASE (The Industrial Excellence Centre for Embedded Applications Software Engineering) [26] . The representatives were both academic, two from the Design Department at Lund's University and one from MAPCI (Mobile and Pervasive Computing Institute Lund University) [27] , and industrial, two from Axis [28] and one from Sony Mobile [29] . The focus meeting bred new ideas through brainstorming and discussions but also gave valuable feedback throughout the projects progress. One important requirement was to develop on off-the-shelf standard components available for smart homes. The focus was on easy discoverability and simple interaction. The following scenario gives an idea of how the UbiCompass can be used.
IT Next, the background and the ideas of the proposed interaction concept are described, followed by a more technical explanation of the UbiCompass prototype implementation and the limitations of the current setup.
3.1.
Background. The UbiCompass concept is based on the watch form factor. The wrist has long been a compelling location to place wearable technology [30] . Our usage of watches is also transforming from just showing the time to becoming more and more of a personal computer. Smartwatches are available on the market and have proven to be more socially viable than smart glasses. Since, most people are comfortable with wearing a watch. Using a wearable device to interact with other devices has several benefits, one of them being that the device can almost always be worn and will almost always be on and running [1] .
The smartwatches available on the market come with a limited number of applications, but with the ability to download additional applications, similar to smartphones. However, finding the right application on a smartwatch once downloaded is more difficult, mainly due to the limited size of the display. We wanted to avoid the situation of requiring the user to install yet another application, finding it, and starting it up. Instead, the UbiCompass was implemented as a new watch face. Almost all smartwatches come with a variety of different watch faces from which the user can choose. The most common ones show the time, date, and weather. The UbiCompass watch face shows the time and the devices that the user is allowed to interact with in a certain room ( Figure 1 ).
Interaction.
As already mentioned, a user of an IoT system needs to be able to perform four basic tasks: (1) discovering devices, (2) selecting a particular device, (3) viewing the device's status, and (4) controlling the device [9] . The UbiCompass concept addresses these tasks by using a compass metaphor in combination with traditional touch interaction in the prototype; see video (UbiCompass at YouTube: https://youtu.be/5onr-NGYta4).
Discover.
A compass is always on, always showing the four cardinal directions. In similar manner the UbiCompass concept prototype facilitates the discoverability of devices and the direction in which they are placed in a room. It should be noted that no application needs to be started: The UbiCompass runs as a watch face, so the devices that the user can interact with are always visible. Having a UI running in symbiosis with the watch face facilitates access to information at a glance. Since the user does not need to open an application, it is always there ready for interaction.
It should be noted that everything else in the smartwatch runs as usual. The devices, which the user can interact with, and their positions are updated automatically. The user does not need to search for a certain application, but only needs to set the UbiCompass as his or her watch face once. When the user chooses to interact with a device and clicks on the control button (Figure 1 ), an application automatically starts, offering simple interaction possibilities for the chosen device.
Select.
The watch face is inspired by the Sony SmartWatch 3 [31] standard watch face and is monochrome, moderate, and minimalistic in its design. It provides an aesthetically appealing design while leaving room to highlight other details of the prototype. The user selects a device to interact with by moving his or her arm until the 12 o' clock position (i.e., north) is pointing at the device. When the device is in the line of sight, the user feels a distinct vibration and the device icon is highlighted. This indicates it is ready to be selected (Figure 1 ).
Status.
The user finds out the status of the device after choosing which device to control. The icons, shown in Figure 1 , follow the same simplicity as the watch face as a whole: stylish and minimalistic. They are monochrome as well, but, at a later state, the use of colors most likely will be introduced to show the devices' active status. A yellow lamp, for example, would indicate that the lamp was turned on. This feature, however, has not yet been implemented.
Control.
In the beginning of the design process, the focus was on coming up with a simple on/off functionality for the lamps; for this, a traditional on/off switch was used. Later on, dimming functions, simple Sonos control functions, and the ability to check the temperature were added. For the last two, basic functions such as play/pause/skip and a traditional touch interface were used. To increase/decrease the volume and light intensity, we decided to test the limits of the UbiCompass prototype by implementing a special feature called wrist-twist. Wrist-twist uses the smartwatch accelerometer to calculate how much the watch is tilted and then increases or decreases the volume or the light intensity. The idea was to use a control knob metaphor, which is a common way to increase or decrease the volume and light intensity on a radio or a dimmer light switch ( Figure 2 ). 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 
Prototype
Implementation. An early decision in the UbiCompass project was to use existing off-the-shelf standard components available for smart homes. The connected devices use the Z-Wave standard: a widespread standard found in plenty of third-party devices that are easily available and relatively affordable. The Z-Wave communication between the devices and the controller is carried out on the 868 MHz band to avoid interference with other equipment such as Bluetooth or Wi-Fi, which use the 2.4 GHz band. The controlling communication runs through the network via a Wi-Fi router ( Figure 3 ). To connect and configure the devices, the Fibaro web application was used, and all devices were given a title containing the relative -position of the specific device. This means that if the user wants to move around the devices, the devices' position will not be updated automatically. It has to be updated manually via the Fibaro web application.
To make the prototype adaptable to other wearable devices in the future, a smartphone was used as a routing device to forward commands from the watch and to update the watch's interface depending on the status of the connected devices. This way, the wearable application focused on interaction and simple communication with the smartphone, while the smartphone was responsible for the communication (vii) Aeotec LED bulb [36] (viii) Popp-Wall Plug Switch Indoor [37] , table fan connected to this wall plug switch (ix) Fibaro eyeball [38] , multisensor as thermometer
Limitations.
The UbiCompass concept expressed in the prototype has several limitations including the following:
(i) Positioning: the position of the devices is coded in the name when connecting to the Fibaro Home Center.
(ii) The user's position is not tracked and at this time, the prototype works only within a limited area. The user cannot walk around the whole room.
(iii) The inertial sensors that come with the smartwatch are not very accurate and can sometime lag.
The way we implemented the UbiCompass concept in the prototype also infers limitations:
(i) Scaling issues: the prototype works for about ten devices. Adding more would clutter the watch face with icons.
(ii) Simple interaction: the prototype works for simple interaction. If the user wants to make more complex adjustments of a system, another user interface would be more preferable.
The Fibaro Application
This section briefly introduces the Fibaro application [39] with which the UbiCompass prototype was compared. The Fibaro application is connected to the controlling unit, Fibaro Home Center 2 [14] via Wi-Fi. The Fibaro Home Center 2 acts as a hub for the communication with all smart devices that are connected and provides Internet connection for the smart devices. Handheld devices and web pages can then be used to communicate and control the connected devices. From the main screen of the Fibaro application (Figure 4) , the room can be selected, in which the connected devices are listed and then the selected device UI is shown.
UbiCompass Evaluation
A comparative evaluation was conducted in a laboratory environment to compare the UbiCompass concept prototype with the Fibaro application [39] . Both quantitative and qualitative data were collected. The evaluation compared the UbiCompass watch face prototype and the mobile Fibaro application in terms of usability and perceived workload.
Setup.
The evaluation was conducted in a usability laboratory with audio and video recording facilities. The sessions involved a participant and a test leader ( Figure 5 ). All test sessions were recorded. Five devices were connected to the system as seen in Figure 5 . A Sony SmartWatch 3 [31] and a Samsung S6 Edge [33] were the units used to control the devices. To control the Sonos system through Fibaro, a third party software called Sonos Remote [40] was used.
Participants.
Personal social networking was used to recruit participants, preferably with nontechnical backgrounds to see if not-so-tech-savvy participants would be able to manage the given tasks. In total, 36 participants (18 female, 18 male) were recruited. Friends and family members were excluded. The age of the participants ranged from 18 to 51 years (M = 30.8, SD = 9.39). The group was composed of 18 participants with an engineering background and 18 participants with a nontechnical background. The participants for the most part were novice users of smart home concepts, although nine had tried a smart home device prior to the evaluation. Twenty-seven had never tried a smart home device, while 10 had no prior knowledge of the smart home concept. Roughly, one-third of the participants had tried a smartwatch prior to the evaluation.
Procedure.
When the participants arrived in the laboratory, the test leader asked them to complete the consent form and fill out a short demographic/background survey. The test leader then introduced them to IoT, the smart home concept, 
(1) (8) Figure 5 : The evaluation setup for the UbiCompass prototype.
(1) Test leader, (2) fan, (3) desk lamp, (4) thermometer, (5) sound system, (6) dimmable spotlight, (7) test participant, and (8) smartwatch. For the Fibaro application condition, the smartwatch was replaced with a smartphone. and the smartwatch, followed by an overview of the study. In order to focus on the differences in how to control devices and not how to setup the room, the UbiCompass watch face was preselected on the smartwatch and the Fibaro application was set to start with the corresponding room on the smartphone. The experiment consisted of one scenario that was repeated twice (Figure 6 ), alternating between the UbiCompass prototype and the Fibaro application. The scenarios were counterbalanced for number of participants and gender. Half of the participants started with the UbiCompass application and the other half with the Fibaro application. After the tasks in each scenario were completed, the participant filled out the NASA Task Load Index (TLX) and the System Usability Scale (SUS) questionnaire. In an attempt to understand and describe the users' perceived workload NASA TLX was used as an assessment tool. It is commonly used to evaluate perceived workload for a specific task. It uses an ordinal scale on six subscales (mental demand, physical demand, temporal demand, performance, effort, and frustration). A second part of the NASA TLX creates an individual weighting of the subscales by letting the subjects compare them pairwise based on their perceived importance. This requires the user to choose which measurement is more relevant to workload. The collected data is useful both when comparing the different concepts and when analyzing a single concept for future Advances in Human-Computer Interaction 7 improvements. The NASA TLX was utilized in this study to gain an understanding of the contributing factors that determined the task workload [41, 42] . In an attempt to understand and describe the users' cognitive workload, SUS was used. It is often used to get a rapid usability evaluation of the system's human interaction [43] . It attempts to measure cognitive attributes such as learnability and perceived ease of use. Scores for individual items, such as, "I thought the system was easy to use," can be studied and compared, but the main intent is the combined rating (0 to 100) [44] . The questionnaires were followed by a short semistructured interview. All the semistructured interviews were video recorded. The video recordings were reviewed to detect recurring themes and to find representative quotes.
The scenario was designed to balance different content types and device combinations:
(1) You arrive at home and it is a bit dark, so you turn on the desk lamp (item (3), Figure 5 ).
(2) You decide to turn off the music (item (5), Figure 5 ).
(3) You press the home button on your phone to check some new messages and notice that it needs charging. You connect the charger.
(4) You check the temperature (item (4), Figure 5 ).
(5) It is quite warm, so you turn on the fan (item (2), Figure 5 ).
(6) Time to relax, so you dim the spotlight (item (6), Figure 5 ).
(7) To get into the right mood, you turn on the music again and increase the volume (item (5), Figure 5 ).
After having completed the scenario twice, the participants shared their initial thoughts about the UbiCompass prototype and the Fibaro application and reported what went well and what did not. The discussion continued and the subjects were asked more specific questions regarding comparable differences in discoverability and the controllability. Finally, the test subjects were asked which concept they liked the most and why. Each session lasted about 30 min.
Results
In the following section the results from the NASA TLX, SUS scale and the semistructured interview are presented. All of the 36 participants managed to accomplish the tasks for both the UbiCompass prototype and the Fibaro application. Twenty of the 36 participants showed signs of enjoying the UbiCompass prototype experience, as determined by posttest interviews and spontaneous positive comments during the testing.
We used an alpha level of .05 for all statistical tests.
NASA TLX Data.
The overall weighted NASA TLX scores are illustrated in Figure 7 for the UbiCompass prototype mean value, M = 32.4, SD = 16.2 and in Figure 8 in Figure 9 for the UbiCompass prototype and in Figure 10 for the Fibaro application.
A paired -test of the overall weighted NASA TLX scores indicated no statistically significant differences between the two: (35) = −.39, = .70.
Moreover, all subscales, except the physical one, have the same or very similar median values (Table 1) . On the physical subscale, the Fibaro application had a significantly lower value (Wilcox = 52.5, = .005). In addition, there were no statistically significant differences between tech and nontech participants for the UbiCompass; for the Fibaro application, it was close to the margin of statistical significance, (17) = −1.90, = .075. The nontech participants' mean value was M = 27.2, SD = 10.78, while tech participants' mean value was M = 40.1, SD = 25.42.
SUS Data.
The results obtained from the SUS questionnaire for the UbiCompass prototype present a mean score of M = 75.9, SD = 12.72 with a minimum score of 47.5 and a maximum score of 95 (Figure 11 ). For the Fibaro application, a mean score of M = 64.5, SD = 24.07 with a minimum score of 20 and a maximum score of 95 ( Figure 12) . A paired -test was used to explore the difference and found that the UbiCompass prototype had a significantly higher SUS score than the Fibaro application (35) = 2.37, = .023.
There were no statistically significant differences between tech and nontech participants for the UbiCompass prototype, but, for the Fibaro application, there was a direction heading towards significance: (17) = 1.64, = .12. The nontech participants' mean value was M = 70.4, SD = 22.76, while tech participants' mean value was M = 58.6, SD = 24.53.
Semi-Structured Interviews.
In general, participants tended to describe the UbiCompass prototype as innovative and intuitive. The Fibaro application was often described as inconsistent, but also being based on a comfortable, familiar form-factor. All interviews ended with a final question asking which system was preferred: 20 participants preferred the UbiCompass prototype, 11 preferred the Fibaro application, and 5 would like to use both, since they found them to be complementary. The data from the semistructured interviews were split between the UbiCompass prototype and the Fibaro application and were grouped into different themes representative for each system.
UbiCompass Prototype Comments.
Recurring themes for the UbiCompass prototype were discoverability, being easy to use, tapping icons, and wrist-twist functionality.
(a) Discoverability. One of the goals of the UbiCompass concept is to offer an easy and comfortable way to discover devices, and most participants found that the UbiCompass provided a fast and easy way to see all the interactable devices in a given room. The comments about the wristtwist functionality were very mixed. Several participants had trouble understanding how it worked. Some understood directly and liked it and some did not like it mostly due to system delays. Those who figured it out usually showed signs of excitement, "That's so cool and innovative!" Some found it very hard to control. One stated, "The feedback was very clear on the watch face but the wrist-twist function was not intuitive. I prefer a simple touchscreen interface." Several participants requested more feedback from the wrist-twist function, especially due to system delay. To increase the volume or the light intensity, the participant had to twist the wrist towards his or her body; about half of the participants felt that the twist direction was right.
Fibaro Application Comments.
Recurring themes for the Fibaro application were discoverability, familiar formfactor, and inconsistency.
(a) Discoverability. Several participants had trouble identifying the devices, in particular the light sources, since they had to rely on the device name, "I didn't know which light source I wanted to control, so I guessed." Some felt the application offered good discoverability, "The mobile application gives a good overview of the available devices." Others commented on the advantages of a larger screen, "A larger screen offers more possibilities for complex interaction. Visually impaired users might also benefit from the larger screen." 
Discussion
In this section, we will discuss the "take-aways" from developing the UbiCompass prototype: the benefits, the limitations, and the comparative study.
Benefits.
The UbiCompass aimed to make it easy and comfortable for a user to discover and do simple, quick interactions with numerous connected things. The main strength of the concept is that it truly exploits the characteristics of a wrist-worn wearable device [1] , first, by making the icons that illustrate the connected devices part of the watch face. This results in information that is always available or in a sense always "on." Second, the information is available at a glance, which means that a user can quickly get an idea of how many connected devices are available and their approximate whereabouts. Comments about this appeared in the semistructured interviews; most participants found that the UbiCompass provided a fast and easy way to see all interactable devices. Third, the results from the SUS scores and the semistructured interviews indicated that the UbiCompass prototype was easy to use and consistent. A final benefit is that the concept is built on off-the-shelf products supporting numerous products that can be connected with the Fibaro Home Center 2 hub.
Limitations.
In its current form, the UbiCompass has some flaws. First, it scales badly for environments with many connected devices. At a certain point the many icons on the watch face will make the user interface cluttered and hard to read. Second, the UbiCompass only shows the direction to connected devices in the horizontal plane; no distinction is made between devices that are placed above/below each other. This makes it difficult for the user to distinguish one from another if they are placed right on top of each other. Third, physical comfort can be compromised in some situations. A seated user who wants to turn on a lamp directly behind him would have to bend his arm to a rather unergonomic position to point the watch directly at the lamp. Comments about this appeared in the semistructured interviews; some participants argued that they would prefer to just tap on the icons instead of being required to point at the device. Fourth, the concept assumes functional indoor positioning, a well-known issue for IoT in general. Sensors or beacons can be used, such as BeSpoon [45] , but also existing network infrastructure. One interesting project is Chronos, developed by MIT's Computer Science and Artificial Intelligence Lab (CSAIL) [46] . The project exploits phase differences at different channels (i.e., different frequencies) in the Wi-Fi nodes to approximate the distance. The units require a slight unit firmware modification but no additional hardware is needed.
Finally, one of the main goals of the UbiCompass prototype is to offer at-a-glance access to information and simple and quick interactions built on familiar touch interaction. We chose to challenge the design space by adding a wrist-twist feature that uses inertial sensors to increase or decrease the volume of the Sonos device and the intensity of a dimmable light source. This caused some notable issues, mainly due to the system delays but also to difficulties in twisting the wrist in mid-air as if turning a "real" control knob. Several participants did not understand how it worked and commented that they missed getting feedback. The fact that the volume increased or the light dimmed was not sufficient. However, those who figured it out found the feature to be "cool and innovative." This emphasizes the importance of two basic rules of interaction design: having direct visible feedback on the watch face and signifier(s) of how the user can interact with the system [10] . We used a horizontal ticker to inform the participants about the wrist-twist feature but few of them paid any attention to it.
The UbiCompass prototype was designed with very basic interaction tasks in mind. For more advanced use cases, such as changing the settings of a connected device, would probably be preferable switching to another form factor such as a smartphone.
Comparative Study.
Overall, the UbiCompass prototype and the Fibaro application received acceptable scores on both the SUS questionnaire and the NASA TLX. This indicates that the participants were able to complete the evaluation tasks with either concept reasonably well.
The UbiCompass had a significantly higher median score in the NASA TLX physical subscale. This was expected since the UbiCompass requires more physical activity. However, the overall weighted NASA TLX score was slightly lower for the UbiCompass prototype than the Fibaro application indicating that the latter was perceived as having a higher workload. One attribute that might have influenced the overall weighted NASA TLX score is the wearable characteristic of always being "on" and available and not having to pull out a smartphone and make a lot of clicks before starting the correct application. According to Sauro [47] , more clicks usually mean more screens. More screens usually mean spending more time completing tasks. More time spent on tasks usually means higher task failure and a poorer user experience.
The UbiCompass had a significantly higher SUS score compared to the Fibaro application. Worth noting is that 25 out of 36 participants have a score that was equal to or greater than 68, which is considered to be above average. The SUS score measures cognitive attributes such as learnability and perceived ease of use. Possible attributes that may have lowered the cognitive workload for the UbiCompass prototype are having access to information at a glance, simple and quick interactions, and a consistent user interface. Thus, the UbiCompass had a significantly better SUS score but also a slightly better score regarding the overall weighted NASA TLX score.
One of the goals was to explore whether a not-so-techsavvy end user would find the UbiCompass harder to use than the Fibaro application. With that in mind, it was a positive result that there were no significant differences between nontech and tech participants in controlling the devices. We believe that the scenario tasks were too simple and too short to find any significant difference in NASA TLX.
Another aspect is the compass metaphor that the UbiCompass is based upon. UI metaphors use a source domain to help the user understand the target domain and, if well designed, can provide a good conceptual model [48] . However, UI metaphors also present some drawbacks. They may impede users who lack knowledge about the metaphor's source domain, and they may trigger unrelated preknowledge in the user's mental model. In this comparative study, some participants seemed to have problems constructing a relevant mental model of the UI and initially they did not map the lamp icons to the physical lamps. Instead, they clicked on the icons and did not understand why nothing happened. Nevertheless, once they grasped the UI, they had no problems solving the tasks. This suggests that the way the compass metaphor is used in the UbiCompass is learnable, but could be designed to be more intuitive.
Conclusions
The contribution of this paper is a novel IoT interaction concept called UbiCompass. The UbiCompass concept prototype is developed for the watch form factor and works together with off-the-shelf products. What differs the UbiCompass from other IoT solutions is the ability to access information at a glance. It requires almost no motor skills or effort to quickly get an overview of devices that the user can interact with and in which horizontal direction in the room they are positioned. The UbiCompass also offers simple, quick interactions such as turning on/off devices. Albeit, the UbiCompass comes with different limitations as discussed, the results show that it had a significantly higher SUS score compared with a traditional smartphone application. In summary, this indicates that the UbiCompass has potential as an IoT interaction concept.
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